The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. We have recently established, in close collaboration with experimentalists (from geology, physics, geotechnical and agricultural engineering), a comprehensive first-of-a-kind knowledge base for state-of-the-art data, characterization and modelling of the behaviour of dense granular systems under quasi-static loading conditions. This behaviour is intrinsically multiscale and is arguably one of, if not, the most challenging to characterize and model of the gamut of granular behaviour encountered in practice. In particular, it exhibits self-organized pattern formation and Multiscale phenomena in the solid-liquid transition state of a granular material: Analysis and Modelling of Dense Granular Materials
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Inventions (DD882) Scientific Progress
We have opened up new areas of exploration in granular media science and have introduced new methods for analysis of experimental and simulation data -that go beyond the retrospective assessment of granular behaviour. Our publications in recent years have demonstrated the capabilities of these methods to deliver prospective information and knowledge on granular rheology at unprecedented levels of detail. Together with our experimental collaborators, we have been the first to: o Develop a unified approach for predictive continuum modelling of dense granular materials using a first-principles, physics-based approach within the framework of thermodynamics. This approach is unique in that it provides a formalism by which governing mechanisms on the mesoscopic scale, responsible for bulk deformation and failure of the material, can be explicitly accounted for via measurable quantities. o Map out the evolution of failure processes from the microscale to the macroscale based from the only available experimental data on interparticle contact forces in a deforming granular material o Map out conformational and conformational transition dynamics, and associated stability and energy landscapes, of emergent functional structures from their nucleation to collapse. This has revealed transition dynamics reminiscent of "magic numbers" seen in chemical and biological clusters. o Develop tools that characterize and model self-organization at an unprecedented level of detail, unveiling more intricate levels of co-evolution and cooperative behaviour among emergent functional structures at multiple length scales. The tools for material characterization have been shown to comprehensively mine information from experimental data and explicitly link observed behaviour and dynamics in the bulk to its respective origin at the finer (mesoscopic, microscopic) 
A. Statement of the problem studied from the ARO proposal
Understanding the nature of the upper soil surface -a form of granular material -is of paramount importance to the US Army. In this program, we are to integrate analytical, experimental and modeling techniques to characterise the solid-liquid transition regime in granular media. This regime is highly relevant to at least two key aspects of the Army's operations: off-road vehicle mobility and soil stability. Understanding soil stability and vehicle mobility is also crucial for a related strategic mission of the United States, namely the manned exploration of the Moon and Mars. With the Army's increasing reliance on modeling and simulation for decision-making, the next generation of constitutive models for granular materials must reliably predict dominant mechanisms at the relevant scales. The key to achieving this level of predictive capability is an in-depth knowledge of force transmission, energy dissipation and kinematics in granular assemblies across multiple spatial and temporal scales. Accordingly, the specific objectives of this program are twofold: (i) examine these three factors experimentally in conjunction with particle-based computer simulations (i.e. discrete element method or 'DEM') and, using knowledge from these, (ii) develop a new breed of micromechanical continuum models with predictive capabilities for multiscale phenomena in the solid-liquid transition regime. With current DEM simulations being limited to a few million particles (roughly the number of particles in a handful of sand), these continuum models fill an important niche in engineering practice, viz. large-scale applications such as soil-structure/machine interaction systems.
A quantitative understanding of granular behavior from the microscopic (particle) scale to the macroscopic engineering scale is an essential step toward delivering models whose predictive capabilities are of sufficient reliability for design, optimisation and control of granular material behaviour. Systems and processes involving granulates are complex, and due to inadequate understanding and modeling capabilities, rarely reach more than 60% of design performance. Given the prominence of these materials in a wide range of civilian and defense engineering operations, the potential of this proposed program to advance a myriad of "dual-use" technologies (including the processing and handling of grains, aggregates and powders) is significant. 
B. Achievements from the ARO program

Breaking new ground in Granular Matter
Despite their sheer prevalence in everyday life, the behaviour of granular material remains poorly understood -and, consequently, difficult to predict and control. Observed bulk mechanical behaviour of these materials -i.e. how they deform, how much load they can carry before failure -is a manifestation of processes that operate over a vast range of length and time scales. A complete understanding and thus prediction of this behaviour requires theoretical and computational tools that span: the microscopic (i.e. basic unit of two interacting grains in contact), the wide range of length scales encountered in the mesocopic domain and, finally, the bulk or macroscopic scale. A further complication is that the mesoscopic and macroscopic domains vary considerably and depend on the system under consideration. For example, the current largest granular system for which properties down to the grain contacts have been measured experimentally comprises around 1000 particles: here the mesoscopic is anywhere between the basic unit of two interacting grains and the bulk material. Compare this to a typical geological fault zone where the mesoscopic granular domain extends from hundreds to thousands of kilometres.
My research activities in recent years have fused state-of-the-art developments in areas of pure and applied mathematics and statistics with cutting-edge experimental developments in physics, geology and engineering -to understand and predict the multiscale behaviour of granular materials. Several pioneering achievements have led to breakthroughs related to the fundamental and interconnected issues of stability, failure and energy dissipation, either in the presence or absence of particle breakage.
Purpose of the Research
We have recently established, in close collaboration with experimentalists (from geology, physics, geotechnical and agricultural engineering), a comprehensive first-of-a-kind knowledge base for state-of-the-art data, characterization and modelling of the behaviour of dense granular systems under quasi-static loading conditions. This behaviour is intrinsically multiscale and is arguably one of, if not, the most challenging to characterize and model of the gamut of granular behaviour encountered in practice. In particular, it exhibits self-organized pattern formation and co-evolution of emergent functional structures in the mesoscopic scale. Therefore, one of the great challenges in the field is to decipher a granular material's ''inherent" structural design principles as it deforms in response to external loads.
Research Trends: Cycling between lab bench -modelling -and simulation
My group has pioneered the development of: o A focussed and highly integrated experimental, simulation and theoretical program of research for a wide range of real granular materials -both natural (e.g. soil, rocks, grains) and synthetic (e.g. glass beads, photoelastic particles). o A program that brings to bear recent developments from the mathematics and statistics of complex systems on fundamental and applied problems relating to granular rheology. o A unified thermodynamically consistent approach for predictive continuum modelling of dense granular materials, that has demonstrated predictive capability for observed behaviour down to the fine scale of a few grains. o Theoretical tools that can mine information from experimental data -as they are generated. This requires close coherent effort that intertwines state-of-the-art theory and experiment. o Theoretical tools for data analysis with predictive capability to answer "How is a given granular material most likely to respond to a given load -and why?" as well as enable new rheological questions to be answered accurately and at unprecedented levels of detail.
Specific outcomes from research work
We have opened up new areas of exploration in granular media science and have introduced new methods for analysis of experimental and simulation data -that go beyond the retrospective assessment of granular behaviour. Our publications in recent years have demonstrated the capabilities of these methods to deliver prospective information and knowledge on granular rheology at unprecedented levels of detail. Together with our experimental collaborators, we have been the first to: o Develop a unified approach for predictive continuum modelling of dense granular materials using a first-principles, physics-based approach within the framework of thermodynamics. This approach is unique in that it provides a formalism by which governing mechanisms on the mesoscopic scale, responsible for bulk deformation and failure of the material, can be explicitly accounted for via measurable quantities. o Map out the evolution of failure processes from the microscale to the macroscale based from the only available experimental data on interparticle contact forces in a deforming granular material o Map out conformational and conformational transition dynamics, and associated stability and energy landscapes, of emergent functional structures from their nucleation to collapse. This has revealed transition dynamics reminiscent of "magic numbers" seen in chemical and biological clusters. o Develop tools that characterize and model self-organization at an unprecedented level of detail, unveiling more intricate levels of co-evolution and cooperative behaviour among emergent functional structures at multiple length scales. The tools for material characterization have been shown to comprehensively mine information from experimental data and explicitly link observed behaviour and dynamics in the bulk to its respective origin at the finer (mesoscopic, microscopic) scales. o Develop tools that identify interconnections in topology, structural stability, dynamics and function from synergistic blends of techniques from various disciplines, i.e. Complex Networks, Structural Mechanics, Dynamical Systems, Optimization and Optimal Control, nearly all of which are seeing their first applications to granular mechanics and physics o Demonstrate potential applications to Sensor Networks and other areas of Complex Systems Science (eg communications, mining processes, seismology and epidemic spread).
The combination of emerging techniques from mathematics (complex networks, nonlinear dynamics and systems theory and optimization), together with structural mechanics and constitutive theory -forms the beginnings of a new direction and focus in micromechanics of granular media. To the best of our knowledge, this is the first attempt to integrate these techniques into one coherent nexus that allows information from material characterization to be synchronized with and directly brought to bear and tested on models and simulations of phenomena -across multiple length scales -and in 2D as well 3D systems. This unique collection of techniques has revolutionized the field since we can now probe the inner workings of granular systems at the highest level of resolution to gain insights into the fundamental origins of stability, pattern formation and failure of granular materials. The research program thus paves the way for breakthrough applications in the characterization of material behavior at multiple length scales, and to the reliable prediction of the mechanical response of granular materials in a wide range of loading conditions.
B. Research publications and highlights
In the past two decades, mathematicians together with physicists, chemists and biologists have made considerable strides in understanding self-organized pattern formation in many forms of complex systems. Over this period, we have also come to realize how richly nuanced this subject can be and how significant are the challenges that remain. However, there is tremendous potential and opportunity for some of the mathematical advances to enrich our understanding of an even wider range of phenomena. The return on such an investment for many sectors of science and industry cannot be understated, and there is perhaps no better example than in the characterisation and modelling of granular processes. In the past two years, we have shown that the fusion of state-of-the-art advances in non-invasive laboratory tests at increasing levels of resolution, when combined with a judicious and systematic application of complex systems methods, from network analysis to data mining and modelling paradigms -can deliver deep and potent insights into granular material behaviour. Our strategy is to consider the granular body as a complex dynamical structure that continually adapts to the forces imposed on it. We employ a multidisciplinary approach to the characterization and modelling of its response to forces. This is the first incisive study into granular rheology under shear, i.e. 'granular friction', and quantifies the ability of a material to resist forces that splits the bulk material into sub-domains which can then slide against each other. Together with two third year students (O'Sullivan & Paramitha), we followed the footsteps of Charles Augustin Coulomb who published in the same journal his now famous 'Coulomb's law of friction' in "Essai sur la theorie du frottement" for solid bodies. Armed with the modern tools of Complex Networks, we uncovered mechanisms underpinning 'granular friction' from the standpoint of topology, structure and function. The first quantitative characterization of force chain evolution and failure by buckling in a monotonic biaxial compression test.
[ This paper presents novel method for accounting for complex particle shapes in discrete element simulation.
Topology, Structural Stability, Dynamics The first rigorous mathematical analysis of the fundamental mechanism of failure for dense materials, confined buckling of force chains, and its connection to the defining behaviour of dense systems at the macroscopic scale -i.e. loss of load-carrying capacity of the material as it expands in bulk volume. This study tracks the evolution of a force chain 'from birth to death' (Impact factor 3.317; 13 citations) Densely packed frictional granular materials are hyperstatic (i.e. redundantly constrained). This is the first paper to report on the origins of hyperstaticity.
[11] Hunt, G, Tordesillas, A, Green, S, Shi, J (2010) "Force chain buckling in granular media: A structural mechanics perspective" Philosophical Transactions of the Royal Society A 368 pp 249-262.
In this paper, we demonstrate commonalities in the design principles employed by the material and those seen in man-made structures. Parallels are drawn between the response of a discrete strut on a linear elastic foundation and force-chain buckling in a constrained granular medium. "This paper presents a brilliant idea for the explanation of the well-known experimental observation that the shear band thickness is roughly around 5-10 average particle diameters."
"The manuscript is an outstanding contribution to the description of shear band formation, instabilities of granular materials and it is an important advance to the development of micropolar continua." This paper presents the first quantitative criterion for a self-organized granular cluster conformation to be "structurally stable" and the first characterization of the stability of linear and cyclic building blocks, first reported in [13] , for dense granular media.
From anonymous reviewers: "The paper contains many original and significant derivations and results. It is exceedingly well written and was a pleasure to review. The authors present the following important developments: a clear definition of the internal structural stability of granular media, both local and global; a clear criterion for determining stability and a proof that it satisfies the definition; a clear presentation of the stiffness matrix for a 2D cluster, based upon the work of Bagi; a proposed set of upper and lower bounds for the stability of a non-conservative system; and a facinating set of DEM simulations and photoelastic experiments. The experiments yield a number of important results: a correlation between the Kruyt-Rothenburg and Thornton-Antony measures of determinacy; a finding that internal instability can be adequately captured at lengths scales less than seven particle diameters, obviating the need for a more computationally intensive search; an experimentally-based description of the role of 3-cycles in promoting force chains; and a conclusive finding that shear bands are associated with internal structural instability."
"Within the field of granular mechanics, the manuscript is among the best that the Reviewer has encountered in the past several years. The paper is of eminent interest to the journal's readers." (Impact factor 3.317)
[15] Walker, DM, Tordesillas A, Thornton, C, Behringer, RP, Zhang J, Peters JF "Percolating contact subnetworks on the edge of isostaticity" Granular Matter. (In press) Experimental observations have long suggested that the strong particle network comprising the load-bearing force chains, may be an isostatic backbone embedded within the hyperstatic particle system. We show this is highly plausible by finding the minimal spanning trees of a graph --optimized to bear properties exhibited by force chains, delivers such a network. We find that the strong truss-like 3-force-cycles discovered in [13] , when added to the spanning trees, introduces a level of redundancy required to achieve a network that is almost if not isostatic. There is no other topic in the broad science of granular media that draws together the two disciplines of physics and mechanics more than that of force transmission. Behringer's group remains the first and only group in the world today that can deliver complete information in a deforming granular material including contact forces between grains: this remarkable achievement is published in Nature (2005). Here we review recent developments from our combined studies on force chain evolution, covering the three fronts of experiment, modelling and simulation.
Spreading the news and excitement of research on granular materials Presents a novel measure of local deformation that accounts for particle rotations, and uncovered new insights into the influences of distinct contact modes on local and global kinematics. This is the first step that would enable us to inject the relevant lessons learned on material characterization, i.e. from the standpoints of topology, structure, dynamics and function, into predictive continuum modelling for large-scale systems. In this keynote paper for the premier conference in the field Powders and Grains, I report on the first high-resolution thermomicromechanical continuum model for granular media. The most advanced model of its kind can capture phenomena down to the scale of only a few particles.
